Homologous and heterologous haemagglutinin responses in rabbits to heatkilled R-mutants of Salmonella minnesota (chemotypes ranging from Ra to Re) were measured throughout the course of immunization. In each case the strongest response was directed against the homologous R-antigen, but in most cases crossreactions with antigens of heterologous R-chemotypes were detected. Absorption studies with erythrocytes coated with R-lipopolysaccharides indicated that haemagglutinin reactions with homologous and heterologous R-antigens in R-antisera were due to several different populations of antibodies. In general, these populations consisted of: (i) antibodies strictly specific for the homologous antigen ; (ii) antibodies reacting with the homologous antigen, but also able to react in varying degrees with heterologous R-lipopolysacharides of more complete chemotypes ; (iii) antibodies directed against internal portions of the R-oligosaccharide ; and (iv) antibodies strictly specific for a less complete form of the R-oligosaccharide molecule, Characteristic responses were obtained for each of the R-mutants with respect to the presence or absence of any one of the above-mentioned antibody populations in antisera at a given period after immunization.
INTRODUCTION
Salmonella S-forms evoke in rabbits a variety of 0-antibodies carrying specificities for different portions of the 0-specific polysaccharide. As a result, cross-reactions with a number of other salmonella species occur in such antisera because the cross-reacting 0-antigens contain identical determinants (0-factors) consisting of di-, tri-or tetrasaccharides (Luderitz et al. 1966; Luderitz, 1970; Luderitz, Westphal, Staub & Nikaido, 1971) . These crossreactions form the basis of the Kauffmann-White scheme of classification (Kauffmann, 1966) .
Similarly, antisera from rabbits immunized with salmonella R-mutants exhibit crossreactions with heterologous R-mutant lipopolysaccharides (Beckmann, Luderitz & Westphal, 1964; Lindberg & Holme, 1968; Kenny & Schlecht, 1971 ). Since these cross-reactions are not restricted to special R-chemotypes (Luderitz et al. 1966; Luderitz, 1970) they do not lead to a classification of R-mutants that reflects the chemical structure of the R-antigen. R-mutants are therefore classified serologically by haemagglutination-inhibition reactions in highly diluted antisera (Beckmann et al. 1964 Table I . LPS-structure of the Salmonella minnesota R-mutants" (Osborn, 1969 ; Drljge et al.
1970,'
Liideritz, 1970; Luderitz et al. 1971) Chemotype LPS-structure
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Haemagglutinin assay. Haemagglutinin titres were determined as previously described (Kenny & Schlecht, 1971 ) using a Microtitrator apparatus (Metrimpex, Budapest, Hungary) according to Takatsy (1956) .
Haemagglutination-inhibition. Alkali-treated lipopolysaccharides were used as inhibitors to ensure the same conditions as in the hemagglutination and the absorption tests. Suspensions containing 250 pg lipopolysaccharide (LPS)/ml were diluted serially (twofold dilutions) by means of the microtitrator apparatus. To each dilution (0.025 ml) an equal volume of antiserum containing three to four haemagglutinating units was added and the plates incubated 30 min at 37 "C. Finally, 0'025 ml of sensitized sheep red, blood cells (SRBC) was added, the plates re-incubated for 30 min at 37 "C and then for 4 h at 23 "C. The results were recorded as the lowest concentration of LPS to give complete inhibition of haemagglutination.
Absorption tests. Sera to be absorbed were heat-inactivated for 30 min at 56 "C. Two ml of a I : 5 dilution of heat-inactivated serum were added to 2-0 ml of LPS-sensitized SRBC sediment (Kenny & Schlecht, 1971 ) and the mixture was incubated for I h at 37 "C. After incubation, the suspension was centrifuged and the serum was collected. In some cases, sera were absorbed a second time.
RESULTS
Homologous and heterologous haemagglutinin responses to Salmonella minnesota R-mutants.
During immunization with R-mutants ranging in chemotype from Ra to Re, antisera were collected at intervals of 2 to 5 days. All sera were subjected to haernagglutinin analysis with SRBC coated with either homologous or heterologous R-lipolysaccharides (Fig. I) .
In each case there was a distinct response in rabbits to the homologous immunizing R-antigen. Haemagglutinin titres to heterologous R-lipopolysaccharides, which were considerably lower than homologous titres, were also detectable in all antisera. In Ra-antisera cross-reaction only with Rb-LPS could be observed, while cross-reactions with all heterologous R-antigens were detected in the other antisera.
Inhibition of haemagglutination with R-lipopolysaccharides. To test the purity of the lipopolysaccharide preparations, and hence that of the immunizing antigen, haemagglutinationinhibition tests were performed on R-antisera collected at the peak of the haemagglutinin responses. Antisera were diluted to give 3 to 4 haemagglutinating units in the test system. Alkali-treated lipopolysaccharides (0.5 to 250 ,ug/ml) were used as inhibitors ( Table 2) . In this system the antisera are diluted beyond the level of any cross-reactions observed in the experiments of Fig. I, i.e. the antisera at these dilutions contain antibodies directed only against the homologous antigen. The homologous R-lipopolysaccharides were extremely effective inhibitors in concentrations of ' < 0.5-8.0 ,ug/ml, while the heterologous R-lipopolysaccharides were totally ineffective in concentrations as great as 250 pg/ml. Thus there was not any detectable contamination of the various R-lipopolysaccharides with any R-LPS of another R-chemotype.
Nature of the observed cross-reactions. To investigate the nature of the cross-reactions observed, antisera against various R-mutants (Rb, Rc, Rd, and Re) were prepared and collected at the height of the haemagglutinin responses (day 15). Portions of each were absorbed with homologous or heterologous R-lipopolysaccharides attached to SRBC. The absorbed sera were subsequently tested for residual haemagglutinin activity with an R-LPS of each chemotype (Ra-Re). Two rabbits were immunized in parallel for each antigen and data for both animals are presented in Tables 3-6 .
Rb-antisera. Antisera to the Rb mutant showed a considerable degree of cross-reactivity with all the R-lipopolysaccharides tested (haemagglutinin titres before absorption), even with the Re-LPS which is least related in structure to the Rb-LPS molecule. There was some variation in the actual values reported for rabbits 7 and 8, but the general pattern was consistent for both antisera. Sera collected from both animals on day o (before immunization)
showed no detectable reaction with any of the R-antigens. Absorption of the antisera with the homologous Rb-LPS easily removed antibodies that reacted with the Ra-, the Rb-and the Rd,-lipopolysaccharides, while antibodies reacting with the Rc-, the Rd,-and the Re-lipopolysaccharides were only partially removed, even after two absorptions (data for rabbit 8). Those antibodies reacting with the Rc-and the Re-lipopolysaccharides were completely eliminated by absorption with their homologous (Rc-or Re-) antigens, but not by absorption with other antigens. However, antibodies reacting with the Rd2-LPS were completely absorbed by the Rc-, the Rd,-, the Rd2-and the Re-antigens. All heterologous titres were promptly absorbed by the corresponding homologous R-LPS (Ra-titre by Ra-LPS, Rc-titre by Rc-LPS, etc.). On the other hand, certain haemagglutinin titres remained unchanged even after repeated absorption, e.g. the Rb-and the Rc-titres after absorption with Ra-LPS, the Ra-and the Rb-titres after absorption with the Rc-LPS and the Ra-, the Rb-and the Rc-titres after absorption with Rd,-, Rd,-or Re-LPS (see numbers in italics in Table 3 ). In addition none of the heterologous R-antigens could absorb any appreciable amounts of antibodies reacting with the homologous Rbli popoly saccharide.
Unsensitized SRBC were unable to eliminate significant amounts of antibodies from the Rb-antisera, even after two successive absorptions.
These results suggest the presence of several types of antibodies in the Rb-antisera. The greater proportion of antibodies as measured by haemagglutinin activity was strictly specific for the Rb-LPS, while a smaller proportion was specific for the Rc-LPS, or a related structure, and another proportion possibly specific for the Re-LPS. There were apparently antibodies also present that were able to react with the heterologous antigens in a less specific manner.
Rc antisera. Essentially similar results were obtained upon absorption of Salmonella minnesota R5 (Rc) antisera with the various R-lipopolysaccharides (Table 4) . Absorption with the homologous Rc-LPS removed all antibodies except those reacting with the Rd,-antigen ; these antibodies were completely eliminated only by absorption with the Rd,-LPS but were partially removed by absorption with the other R-antigens.
Again heterologous R-lipopolysaccharides were ineffective at absorbing antibodies homologous to the immunizing antigen, and even after two absorption procedures, several haemagglutinin titres remained unaffected (numbers in italics in Table 4 ). No absorbing capacity of unsensitized SRBC could be observed, Rd,-antisera. Table 5 records the absorption of Salmonella minnesota ~4 (Rd,) antisera. Absorption with the homologous Rd2-LPS removed all detectable antibodies cross-reacting with the heterologous R antigens but heterologous R antigens were totally ineffective in absorbing antibodies reacting with the Rd2-LPS in one antiserum (rabbit 188), and could only partially absorb these antibodies from the parallel antiserum (rabbit I 89).
For R-lipopolysaccharides of chemotypes Ra, Rb, Rc and Rd,, the general absorption pattern was that the closer the R-LPS was in structure to the Rd2-LPS, the more effective it was in absorbing out antibodies cross-reacting with different heterologous antigens. For example, the Rd,-LPS, which is closest in structure to the Rd2-LPS, could completely absorb antibodies reacting with R-antigens of chemotypes Ra-Rd,, while the Rc-antigen eliminated antibodies reacting with the heterologous antigens of chemotypes Ra, Rb and
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Rc, but could not completely remove antibodies reacting with the Rd,-LPS. The Ra-and the Rb-antigens were even less effective at absorbing antibodies reacting with the other heterologous R-lipopolysaccharides. Absorption with the Re-LPS eliminated completely only those antibodies reacting with the Re-antigen (rabbit 188). These results indicated that the Rd,-antisera contained antibodies that were strictly specific for the Rd,-antigenic determinant and a further population of antibodies that was Rd,-specific but was also able to react in varying degrees with R-lipopolysaccharides that are structurally more complete. The heterologous Re-LPS, however, did not react to any appreciable extent with either of the two groups of antibodies suggested above (see data for rabbit I SS), i.e. absorption with the Re-antigen did not reduce the Rd,-titre and reduced titres to the other heterologous R-antigens only slightly. Antibodies with which the Reantigen did react probably represent a third population of antibodies directed against a portion of the Rd,-lipopolysaccharide and, in addition, against a portion of the Re-LPS. That these antibodies reacting with the Re-LPS are Re-LPS-specific is unlikely, as they were completely removed by absorption with the Rd2-LPS.
Re-antisera. Similar results were obtained with Salmonella minnesota R595 (Re) antisera absorbed with homologous and heterologous R-antigens (Table 6 ). Absorption with the homologous Re-LPS removed all detectable antibodies reacting with the homologous and the heterologous R-antigens. Antibodies reacting with the Rb-LPS were incompletely removed, but after two absorptions with the Re-antigen they were completely eliminated (data for rabbit 4).
The absorption pattern with the heterologous R-antigens was similar to that obtained with the Rd,-antisera (Table 5) . None of the heterologous antigens could completely remove antibodies reacting with the homologous Re-LPS, even after two absorptions. Also, the closer the heterologous R-LPS structure was to that of the Re-mutant, the more effective it was in removing antibodies reacting with different heterologous R-antigens. Antibodies reacting with the Rb-LPS were apparently an exception, in that they were not totally eliminated by two absorptions with the Ra-, the Rc-, the Rd,-or the Rd,-antigens. These antibodies were removed most easily by the Rb-LPS, but it is unlikely that they were specific for the Rb-antigen, as they could also be eliminated by absorption with the Re-LPS, which was ineffective at absorbing Rb-specific antibodies in Rb-antisera (see Table 3 ).
The results indicated two principal populations of antibodies in the Re-antisera. One population was strictly specific for the Re-LPS and the other had Re-specificity, but could also react in varying degrees with the heterologous R-antigens. Like the similar population of antibodies in the Rd,-antisera ( Table 9 , the reactivity of this latter population was apparently heterogenous with the various heterologous R-lipopolysaccharides, i.e. the Ra-LPS could react only with a certain portion of these antibodies whereas the Rb-antigen could react with a larger portion, the Rc-LPS with an even greater portion, and so on.
In these antisera there were apparently no detectable antibodies strictly specific for the heterologous R-antigens.
DISCUSSION
The literature and also the present investigation shows that cross-reactions do occur in R-antisera with lipopolysaccharides from mutants of heterologous R-chemotypes (Luderitz et al. 1966; Risse et al. 1967; Droge, Ruschmann, Luderitz & Westphal, 1968; Lindberg & Holme, 1968; Rowley, 1968; Luderitz, 1970) .
One explanation might be that the lipopolysaccharides and immunizing antigens were not pure -because they contained R-lipopolysaccharides of other chemotypes which resulted 436
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Re: specific from leaky mutations (Risse et al. 1967) or mutations occurring during cultivation of the organisms or because incomplete R-LPS ' stubs' were formed during the biosynthesis of the R-oligosaccharide. However, this possibility is unlikely judging from our haemagglutination inhibition tests (Table 2 ) and the inability of heterologous R-antigens to remove homologous antibodies after repeated absorptions (Tables 3 to 6). Furthermore, the mutants chosen for this study belong to well-defined chemotypes (Luderitz et The heterogenous serological reactions of R-antisera must in some way reflect the immunological response to the antigens. They might have been due to antibodies formed against partial structures (R-factors) of the R-antigen molecule, considering that partial 0-antigens consisting of 2 to 4 sugar units can act as determinants (0-factors) (Liideritz, 1970; Luderitz et al. 1971). With the Ra-mutant, the oligosaccharide portion of the R-LPS molecule is a decasaccharide. The other R-mutants have sequential deficiencies in oligosaccharide structure proceeding from chemotype Rb through Re (see Table I ). Thus, the more complete R-core oligosaccharides contain potential antigenic determinants for the less complete. However, these determinants are internal in the complete molecule and therefore do not carry the strict specificity of the terminal immunodominent sugar of the less complete oligosaccharide molecule (Risse et al. 1967; Droge et al. 1968 ; Luderitz, 1970; Luderitz et al. 1971) . 11 these antigens do not undergo some form of degradation in vivo, the resulting antibodies would not only be directed against terminal, but also against internal oligosaccharide determinants.
Absorption experiments on the Rc-antisera (Table 4 ) suggest that the model of Fig. 2 is correct. All lipopolysaccharides (Ra to Re) absorbed completely or in part antibodies reacting with Rd,-, Rd2-and the Re-lipopolysaccharides (see data for rabbit 175). Absorptions with the Rd2-and the Re-LPS, which completely eliminated antibodies reacting with both the Re-and the Rd,-antigens, indicate that only one antibody species is reacting with these antigens. The partial structure common to both antigens is of the type designated Re-internal (Fig. 2) . Apparently the Rd,-LPS also reacts in the haemagglutination system with these antibody populations, for one absorption with Rd,-or Re-LPS also reduced the Rd,-titre (see data for rabbit 175).
Analogous results concerning antibodies reacting with heterologous antigens were obtained with the Rb-antisera (Table 3) . Rc-, Rdl-and Rd,-LPS could completely eliminate Heterogeneous response to salmonella R-antigens the Rdl-and the Rd,-titres, and in addition reduce the Re-titre. However, the Re-LPS completely absorbed the antibodies reacting with the Rdl-, the Rd,-and the Re-lipopolysaccharides. These results indicate that these heterologous titres are due to antibodies designated Re-internal, or that the Re-titre may be determined in part by Re-specific antibodies. Evidence for antibodies formed against internal portions of the R-LPS molecule has also been obtained recently by E. Ruschmann at our institute. Another possibility for the occurrence of heterologous R-antibodies might be that R-lipopolysaccharides undergo an enzymatic degradation in vivo (see model in Fig. 3) . Chemical evidence for such degradation of lipopolysaccharide has not yet been shown, and it is very difficult to prove. However, absorption experiments on Rc-antisera ( Table 4) possibly suggest that degradation has occurred. The heterologous Rd,-titre of antiserum I 87 was reduced only by absorption with the Rdl-LPS and not by absorption with the Ra-, the Rb-or the Re-LPS, although all three lipopolysaccharides possess the internal Rdl structure. -Rdz"
Re, internal Rd,, specific + Re, internal
Re, specific Specific antibody directed against the terminal structure of the lipopolysaccharide molecule.
Antibody population (Rx') out of a family of antibodies directed against the Rx determinant.
Specific antibody directed against the terminal structures of determinants possibly set free by degradation of the LPS molecule.
Antibody directed against a specific internal portion of the LPS molecule.
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Evidence for a possible degradation of the immunizing R-LPS antigen can also be found in absorption tests on Rb-antisera (Table 3) , in which the heterologous Rc-titre was eliminated easily and completely only by absorption with the Rc-LPS. Similarly, antibodies reactive with Re-LPS in Rb-antisera were easily eliminated by absorption with Re-LPS, while absorption of these antibodies by all other R-antigens was weak and retarded (Table 3) .
From studies on 0-antigens it is known that a family of antibodies may be produced against the same immunodominant sugar, covering different lengths of the determinant region (Liideritz, 1970 , Liideritz et al. 1971 . Our absorption tests suggest that such antibody populations also exist in R-antisera ; these anti bodies reacted with R-lipopolysaccharides of more complete chemotypes. A model for Re-antisera is presented in Fig. 4 . Absorption with Re-LPS (Table 6 ) removed all homologous antibodies, including a heterogenous population capable of reacting with heterologous R-lipopolysaccharides to varying degrees. Thus, Ra-LPS could absorb out only a small proportion of these antibodies. Rb-LPS removed a greater proportion, while the Rc-and the Rd,-antigens eliminated an even greater proportion. The Rd,-LPS could absorb out the entire population of antibodies reacting with the heterologous antigens. Similar populations of antibodies were also detected in Rd,-antisera ( Table 9 , Rc-antisera (Table 4) and Rb-antisera (Table 3) . As it is known that antibodies formed against a single determinant can be heterogeneous with respect to affinity (Pressmann, Roholt & Grossberg, 1970; Eichmann & Greenblatt, 1971) , our results might be explained on this basis.
A summary of the several proposed types or populations of antibodies found in each of the antisera tested is presented schematically in Table 7 .
Antibody responses to salmonella R-antigens are apparently similar to the responses to 0-antigens in that internal structures of the R-oligosaccharide chain act as immunodominant groups. While the determinant groups of 0-antigens occur several times on each polysaccharide chain (repeating units), they appear only once in the R-oligosaccharide (Osborn, 1969; Luderitz, 1970) . This may be the reason that R-antisera, in contrast to 0-antisera, contain relatively low titres of antibodies directed against internal groups ; the main portion of antibodies to R-antigens is formed against terminal structures. Antisera highly specific for the terminal structures of the different salmonella R-antisera are obtained by absorption with R-lipopolysaccharides of the next higher and/or the next lower chemotype. Heterologous titres that still remain can be absorbed out individually. By this method only specific Re-titres will be markedly reduced, for their specificity is probably due mainly to the KDO branch sugar, which is accessible in all salmonella R-lipopolysaccharides. Recently Galanos, Luderitz & Westphal (1971) have detected antibodies to lipid A in several salmonella R-mutant antisera. The possibility that a small portion of the heterologous titres observed in our studies were due to antibodies directed against lipid A cannot be ruled out. However, they do not apparently play a great role in the context of this investigation.
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